Recent studies suggest that frequency of active phases of the Madden-Julian Oscillation (MJO) over the Maritime Continent and western Pacific, that is, the MJO Phases 4-6 defined by the real-time multivariate MJO (RMM) index, has increased in recent winters. A robust positive trend in MJO Phase 4-6 days during 1979-2015 winters is confirmed in this study. Our analyses, however, suggest that this trend could be exaggerated due to the blended low-frequency variability signals in the RMM. When the winter RMM is reconstructed using anomalous fields after removing their winter mean instead of the previous 120-day mean as for the original RMM, the robust trend in MJO Phase 4-6 days can no longer be detected. Therefore, cautions need to be exercised when applying the RMM for studies on the low-frequency variability and climate trend in MJO activity and using the derived MJO variability to interpret associated changes in climate systems.
Introduction
Since the discovery of the Madden-Julian Oscillation (MJO) in 1970s (Madden & Julian, 1971) , the critical role of the MJO in the Earth's hydrological cycle has been fully recognized (Lau & Waliser, 2012; Zhang, 2005) . Despite its tropical origin, the MJO exerts tremendous influences on global climate and weather (e.g., Zhang, 2013) . Due to its intermediate period of 30-60 days, the MJO has been considered one of the primary subseasonal predictability sources beyond the deterministic weather forecasts (e.g., Gottschalck et al., 2010; Vitart et al., 2012; Waliser, 2012) . The continuous improvement of MJO prediction skill in the recent decades has promoted great enthusiasm in the community in exploring potentials for the extended range prediction of extreme weather activities (e.g., Baggett et al., 2018; Jiang et al., 2018; Lee et al., 2018; Lin, 2018; Mundhenk et al., 2018; Vitart & Robertson, 2018; Wang et al., 2018; Xiang et al., 2015; Xiang et al., 2019) .
To better understand and predict the low-frequency changes in activity of weather extremes, great efforts have been devoted to understanding changes of MJO activity during the past decades and in a future climate. Both observational (Lee & Seo, 2011; Slingo et al., 1999) and modelling studies (e.g., Adames et al., 2017; Arnold et al., 2015; Chang et al., 2015; Liu et al., 2013; Maloney et al., 2019) suggest that the MJO precipitation variations tend to enhance in a warming climate, along with weak increase or even decrease of MJO wind variability and teleconnections due to increase of tropical static stability (Bui & Maloney, 2018; Maloney et al., 2019; Wolding et al., 2017) . Meanwhile, an increase of frequency of occurrence of active MJO events is also suggested under a warming scenario (Jones & Carvalho, 2006; Jones & Carvalho, 2011; Song & Seo, 2016) .
In particular, a recent observational study by Yoo et al. (2011) illustrates that the frequency of a particular MJO phase with enhanced convection over the Maritime Continent (MC) and western Pacific (WP), that is, the MJO Phases 4-6 as defined by the real-time multivariate MJO (RMM) index (Wheeler & Hendon, 2004; hereafter WH04) , has significantly increased in boreal winter during recent decades. This decadal change in MJO activity is further linked to variations in the lower-tropospheric moist static energy pattern associated with the Pacific Decadal Oscillation (Xiu et al., 2019) . The latent heat release associated with MJO convection over the MC and WP can effectively trigger the planetary-scale Rossby waves (e.g., Hoskins & Karoly, 1981; Stan et al., 2017) , resembling a positive phase of the Pacific North America teleconnection pattern (Wallace & Gutzler, 1981) , and can induce warm surface air temperature anomalies over a ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. large portion of the Arctic (e.g., Yoo et al., 2011) . The increased frequency of active MJO phases over the MC and WP in the recent decades, therefore, could promote more frequent occurrence of positive Pacific North America patterns and thus lead to Arctic warming Seo et al., 2016; Yoo et al., 2011; Yoo et al., 2012) , featuring a so-called tropically excited Arctic warming mechanism to interpret the recent Arctic amplification (e.g., Lee, 2014) .
In this study, however, we demonstrate that this robust increasing trend in days of the MJO Phases 4-6 during the past decades could be largely exaggerated by using the WH04 RMM index. Therefore, cautions need to be excised when using this trend for interpreting associated low-frequency variability in the global climate system. In the following discussions, the term "low-frequency variability" is used to represent climate variability from the interannual to decadal time scales, as well as the long-term climate trend.
Data and Methods
The RMM index by WH04 from 1979 to 2016 can be obtained from the Australian Bureau of Meteorology (http://www.bom.gov.au/climate/mjo/). These two daily RMM coefficients, RMM 1 and RMM 2 , are derived as the principal components of the two leading empirical orthogonal function (EOF) of combined equatorially (15°S-15°N) averaged anomalous fields of zonal winds at 200 (u200) and 850 hPa (u850) and the outgoing longwave radiation (OLR). Before conducting the EOF analysis, the climatological seasonal cycle (annual mean and first three annual harmonics) is first removed from each variable. Then, the interannual variability associated with ENSO, derived by a linear regression to an ENSO index, is removed. Finally, a mean of the previous 120 days is further subtracted to remove the long-term variability. Daily MJO amplitude and phase can then be derived based on the two RMMs.
A series of MJO indices are constructed to test the robustness of the original RMM. Daily u200 and u850 data from the NCEP-NCAR reanalysis (Kalnay et al., 1996) and the NOAA OLR (Liebmann & Smith, 1996) from 1979 to 2016 are also used. Following WH04, daily anomalies of these variables are obtained by removing the climatological seasonal cycle for the period of 1979-2016 and then their mean values during the previous 120 days. Note that the removal of signals associated with ENSO is skipped here, as previously found to have minor effects (Gottschalck et al., 2010; Lin et al., 2008) . Daily reconstructed RMM 1 and RMM 2 can then be obtained by projecting the combined anomalies of these three variables onto the two precomputed combined EOF patterns from WH04 (Vitart, 2017) . As to be shown below, the reconstructed RMMs following the above approach (hereafter the CTRL experiment) well duplicate the original RMMs. Four sensitivity experiments are further conducted to examine how the detailed approaches for deriving the daily RMMs can affect the detected long-term include 1. Exp_no_120day. Same as CTRL, except that mean values from previous 120 days are not removed when calculating daily anomalies of OLR, u850, and u200; 2. Exp_winter_mean. Same as CTRL, except that the corresponding winter (November-April) mean, instead of the previous 120-day mean, is removed to get daily winter anomalies; 3. Exp_120day_centered. Same as CTRL, except that the mean of 60 days before and 60 days after, instead of previous 120 days, is removed from daily anomalies; 4. Exp_20_120d_filter. anomalies associated with the MJO are extracted by the 20-to 120-day Lanczos bandpass filtering (Duchon, 1979) after removal of the climatological seasonal cycle, rather than by subtracting the previous 120-day mean as in CTRL.
Results
Following Yoo et al. (2011) , days of each MJO phase during winters (November-April) from 1979 to 2015 are calculated by the total number of days of the particular MJO phase when the MJO amplitude, defined by ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, is greater than 1. Figure 1a illustrates occurrence frequency of each MJO phase during winters of 1979-1988 and 2006-2015 based on the WH04 RMM index. A notable increase (decrease) in frequency of the MJO Phases 4-6 (1-2) in the recent winters, as reported by Yoo et al. (2011) , is clearly evident although strong year-to-year variability is noted by the error bars. A significant positive trend in the MJO Phase 4-6 days during the 36 winters is further clearly illustrated in Figure 1b , which again suggests more frequent occurrence of active phases of the MJO over the MC and WP in recent decades, and tends to support the aforementioned tropically excited Arctic warming mechanism hypothesis in interpreting the recent Arctic amplification. Further detailed examination in Figure 1b indicates that the strongest positive trend is observed during the period of 1979-1996, while the trend from 1997 to 2015 is relatively weak and statistically insignificant. Note that this robust positive trend in MJO activity is not sensitive to the threshold in defining strong MJO (supporting information Figure S1 ).
To better understand the positive trend in frequency of occurrence of the MJO Phases 4-6 in the recent decades, days of the MJO Phase 4-6 for each winter during 1979-2016 period are also calculated based on the reconstructed RMMs (the CTRL experiment). Daily RMMs reconstructed from the combined OLR, u850, and u200 anomalies are highly correlated to the original RMMs during the 36 winters, with correlations of 0.95 and 0.96 for RMM 1 and RMM 2 , respectively (Table 1) . Meanwhile, the year-to-year variations in the MJO Phase 4-6 days in CTRL (black curve in Figure 2 ) also exhibit a very high correlation (0.91) with that based on the original RMM index, with a similar significant trend of 0.67 day yr −1 . Therefore, the reconstructed RMMs in CTRL well reproduce the original RMMs.
Daily reconstructed indices using OLR, u850, and u200 only based on CTRL (hereafter CTRL_olr, CTRL_u850, and CTRL_u200) can also be derived by projecting anomalies of these individual fields onto their corresponding patterns in the two combined EOFs precalculated by WH04. Correlations between the daily indices of individual variables and the original RMMs can indicate the relative role of these 
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variables in contributing to the combined RMM index. As shown in Table 1 , correlations between the daily indices based on the OLR only (CTRL_olr) and the original RMMs are much lower than those for u850 and u200, suggesting a more dominant role of circulation anomalies for the RMM index as previously reported (Kiladis et al., 2013; Straub, 2013) . Meanwhile, the year-to-year variations in the MJO Phase 4-6 days can also be similarly calculated using the two daily coefficients based on OLR, u850, and u200, respectively, and are shown by color curves in Figure 2 . Significant positive trends are discerned in the u850 and u200 indices but not in OLR (Table 1) . Also, higher correlations between the MJO Phase 4-6 days based on u850 and u200 against that by the original RMM index are noted in Table 1 . Therefore, the positive trend in the MJO Phase 4-6 days based on the original RMMs could be mainly attributed to variations in u200 and u850 rather than the OLR. Note that a lack of significant trends in MJO phase 4-6 days is also found by using an OLR-based MJO index (Kiladis et al., 2013 ) (supporting information Figure S2 ).
Since the reconstructed RMMs in CTRL can well reproduce the original RMMs, particularly the increasing trend in the MJO Phase 4-6 days, we next explore how sensitive this trend is to the detailed techniques used for deriving the RMM index in the four aforementioned sensitivity experiments. In the first experiment (Exp_no_120day), since the mean values from previous 120 days are not removed when calculating anomalies of OLR, u850, and u200, low-frequency signals are retained and projected onto the MJO EOFs. The correlations between the daily MJO index from Exp_no_120day and the original RMMs are significantly reduced compared to that from CTRL (Table 1 ), suggesting that removal of the previous 120-day mean significantly impacts on the calculated MJO index. As expected, days for the MJO Phases 4-6 during the 36 winters based on Exp_no_120day (Figure 3a ) exhibit strong interannual variability associated with ENSO. Several winters with the minimum MJO Phase 4-6 days are associated with El Nino, for example, 1982/1983, 1997/1998, 2009/2010, and 2015/2016 winters, while several winters with the maximum peaks in MJO Phase 4-6 days are linked to La Niña, for example, 1998/1999, 2007/2008, and 2011/2012 . The more (less) MJO Phase 4-6 days during La Niña (El Niño) winters are due to projection of OLR and u-wind anomalies corresponding to enhanced (suppressed) convection near the MC onto the MJO index. Interestingly, while a positive trend in the MJO Phase 4-6 days is still evident in Exp_no_120day, it is much weaker than that in CTRL and becomes statistically insignificant.
In Exp_winter_mean, where the low-frequency variability is removed by subtracting the corresponding winter (November-April) mean rather than the previous 120-day mean in CTRL, the robust trend in the MJO Phase 4-6 days as seen in CTRL can no longer be detected (Figure 3b) ; meanwhile, its year-to-year variability becomes rather weaker than that in CTRL, suggesting that the strong interannual variability in MJO activity in CTRL and the original RMMs is largely due to projection of the long-term variability signals. Additionally, results from the Exp_20_120d_filter experiment, in which anomalies associated with the MJO are extracted using an intraseasonal bandpass filtering, also suggest a rather weak and insignificant trend in MJO activity. While the u-wind from the NCEP-NCAR reanalysis is used for reconstruction of RMM indices in CTRL and other experiments, very similar results can be obtained if using u-wind from the ERA-Interim reanalysis (supporting information Figure S4 ). The lack of robust trend in the MJO Figure 2 . Days of the MJO Phases 4-6 in each winter from 1979 to 2015 based on the reconstructed RMM index (i.e., the CTRL experiment) along with days defined by the leading two PCs based on individual valuables of the OLR (red), u850 (blue), and u200 (green). See text for more details.
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Phase 4-6 days in Exp_winter_mean and Exp_20_120d_filter is also consistent with very similar MJO propagation characteristics during the two periods of 1979-1988 and 2006-2015 (supporting information Figure S5 ).
The weak positive trend in Exp_no_120day could be partially associated with the decadal regime shift in the tropical mean state characterized by strengthening of the Walker circulation and a grand La Niña pattern in late 1990s (e.g., Cai et al., 2019; Luo et al., 2012; Xiang & Wang, 2012; Yu et al., 2017) , which is readily seen from the interannual variations in winter mean equatorial u-wind anomalies (Figure 4a ). Projection of the enhanced convection near the MC and associated anomalous circulations onto the MJO will lead to more MJO Phase 4-6 days after late 1990s as clearly evident in Fig. 3a . Considering the stronger and robust positive trend in the MJO Phase 4-6 days in CTRL than that from Exp_no_120day, it suggests that this trend tends to be enhanced by removal of previous 120-day mean. This is further supported by Exp_120day_centered, where the 120-day mean is derived by the average over the 60 days before and 60 days after, instead of previous 120 days in CTRL. By doing so, the significant trend in MJO Phase 4-6 days as seen in CTRL is greatly weakened and becomes statistically insignificant in Exp_120day_centered ( Figure S3a ). Meanwhile, a 
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pronounced positive trend in the difference of MJO Phase 4-6 days between CTRL and Exp_120day_centered is clearly illustrated in Figure S3b , confirming that the removal of previous 120-day mean is largely responsible for the positive trend in MJO Phase 4-6 days in CTRL.
Further analyses suggest that the decadal change in anomalous circulation exhibits strong seasonal cycle. The maximum anomalous circulation associated with strengthening (weakening) of the Walker circulation after (before) late 1990s tends to occur during boreal winter season from November to April, with a seasonal transition from a summer regime around October (Figures 4b and 4c ), which could be associated with meridional migration of the Asian monsoon system (Li et al., 2017) . As a result, the observed trend in winter mean circulation tends to be effectively removed by subtracting the winter mean value or 120-day running mean centered on a particular winter day. When the previous 120-day mean is used to remove the winter anomalies in CTRL, however, the low-frequency winter circulation anomalies will not be effectively removed and even be amplified due to the involvement of summer circulation, which often shows an opposite sign over the Indian Ocean (Figures 4b and 4c ), leading to a strong projection of more (less) MJO Phase 4-6 days after (before) 1997 in CTRL.
Summary
As a prominent intraseasonal variability mode of tropical atmosphere, the MJO plays a pivotal role in the global hydrological cycle. Improved understanding of changes in MJO activity and associated climate and weather extremes during the past decades, therefore, can provide important guidance for climate prediction and projection. It was recently reported that the frequency of convectively active MJO phases over the MC and WP, defined by the MJO Phase 4-6 days following WH04, is significantly increased in winters during the recent decades, which is further hypothesized to be critical in attributing to the recent Arctic warming through a so-call tropically excited Arctic warming mechanism.
However, this study suggests that the significant positive trend in the MJO Phase 4-6 days during the 36 winters could be exaggerated due to the blended signals of the low-frequency variability in the RMM MJO index. When deriving the RMMs in WH04, the OLR, u850, and u200 are subject to removal of their mean values over previous 120 days in addition to their climatological seasonal cycle, to exclude the lowfrequency signals. Sensitivity experiments illustrate that the increasing trend in the MJO Phase 4-6 days during the past 36 winters is largely introduced by removal of the previous 120-day mean. When daily RMMs during each winter are reconstructed by calculating anomalies of the three variables by removing their winter mean instead of the previous 120-day mean, the robust increasing trend in the MJO Phase 4-6 days can no long be detected. The involvement of OLR and particularly circulation anomalies associated with the large-scale variability during summer/fall when calculating the winter RMM indices, which are included in the previous 120-day mean, is largely responsible for the overestimated trend by using the original RMM index.
This study, therefore, calls for cautions when employing the WH04 RMM index for studies of the lowfrequency variability and climate trend in MJO activity and applications of the derived MJO variability for interpretation of changes in the climate systems. The impact of the inaccuracy in the derived real-time MJO status due to the projection from the low-frequency variability signals on MJO predictive skill also need to be assessed in future studies.
